Abstract Tropical agro-forest landscapes are potentially valuable reserves of forest genetic resources for forestry and restoration of degraded forests. The Dipterocarpaceae is a dominant Southeast Asian family of tree species of global significance for the tropical timber industry. Very little information exists about how effective human modified landscapes are for conserving genetic diversity in dipterocarp species. This study provides a baseline for understanding how fragmented agro-forest landscapes in India sustain forest genetic resources in an endemic dipterocarp tree. We compare genetic diversity and fine-scale spatial genetic structure (FSGS) in the threatened tree species Vateria indica within an isolated and a continuous forest site in the Western Ghats, South India. We place these results in the context of dipterocarps from both the Seychelles and Borneo. Parentage analysis of 694 progeny using twelve nuclear microsatellite markers is applied to estimate pollen and seed dispersal. Using a nursery trial we evaluate effects of inbreeding on growth performance. Our results show that levels of FSGS, and gene dispersal are comparable between a small isolated and a large continuous site of V. indica. Realized long-distance pollen flow into the isolated patch appears to help maintaining genetic diversity. The nursery experiment suggests that selection favours outbred progeny. Individuals of V. indica in close proximity appear less related to each other than in another highly fragmented and endangered dipterocarp species from the Seychelles, but more related than in three dipterocarp species studied in continuous forest in Borneo. We discuss the wider implications of our findings in the context of conservation and restoration of dipterocarp forest genetic resources in fragmented populations.
Introduction
Tropical agricultural landscape mosaics which include significant numbers of forest trees offer great potential as centres of biodiversity outside of protected areas (Perfecto and Vandermeer 2008; Anand et al. 2010) . However, these novel landscapes are generally highly fragmented with spatially disrupted tree populations and individual trees that are isolated from conspecifics. The significance of such fragmentation for conservation of forest genetic resources (FGR) remains poorly resolved. Fragmentation has direct consequences for reproduction of individual species by reducing the number of reproductive individuals, altering pollen and seed dispersal patterns and affecting reproductive output (Aizen and Feinsinger 1994; Ghazoul 2005) . In addition, genetic consequences including genetic drift and inbreeding (Lowe et al. 2005; Aguilar et al. 2008 ) are known to be important in accelerating extinction risk (Spielman et al. 2004; Frankham 2005) .
The erosion of tree species diversity in tropical landscapes is likely to have considerable consequences for biodiversity at higher trophic levels through cascade effects (Manning et al. 2006) . However, studies of forest fragmentation and intervening matrix quality for biodiversity in human dominated landscapes (Koh et al. 2010 ) rarely consider genetic biodiversity despite its fundamental importance (Laikre et al. 2010 ). Advancing our understanding of the potential of fragmented landscape mosaics to provide repositories of FGR is urgently required to support biodiversity conservation and forest restoration planning.
There is a burgeoning body of research demonstrating that the genetic response of tropical tree species to fragmentation is highly idiosyncratic and can show both positive (Dick 2001; White et al. 2002; Jha and Dick 2010; Ottewell et al. 2010) , and negative responses (Garcia et al. 2005; Breed et al. 2012; Ismail et al. 2012) . Few studies have explored these processes in one globally important family of tropical trees, the Dipterocarpaceae, which dominate the forest canopy of Southeast Asia, and account for a quarter of the global trade in tropical hardwoods (ITTO 2008) .
The ultimate objective of this study is to advance our understanding of the importance of fragmented agro-forest landscapes for conserving FGR in an important dipterocarp species. Within a complex landscape mosaic we investigate the effect of spatial isolation on genetic structure and gene flow in Vateria indica, a critically endangered timber species endemic to the Western Ghats, South India (Ashton 1998) . The study area is located in Kodagu district in a highly fragmented agro-forest landscape dominated by coffee plantations and paddy ( Fig. 1) where V. indica only occurs in a single large more continuous population and a smaller isolated population.
We evaluate genetic diversity, fine-scale spatial genetic structure (FSGS), inbreeding and patterns of seed and pollen dispersal in this landscape using 12 nuclear microsatellite loci and a sample of 240 adult trees and 694 progeny to elucidate the consequences of fragmentation for the underlying FGR. We compare our findings with patterns of FSGS and direct estimates of mean pollen dispersal distances of other dipterocarp species from published data. In addition to investigate whether inbreeding has negative consequences on growth performance, we compare genetic diversity and relatedness in nursery-raised seedlings with wildlings (forest seedlings).
Using the above framework we address the following research questions: (1) Does a small isolated forest patch of V. indica retain comparable levels of genetic diversity to a larger more continuous forest patch? (2) Do patterns of gene flow and consequently genetic structure differ across life stages and between a continuous and isolated forest patch of V. indica. (3) What are the conservation and management options for retaining genetic diversity in fragmented V. indica populations? This research has relevance for the persistence of many forest tree species restricted to fragments in human dominated landscapes. More specifically, the comparison with other dipterocarp species from continuous and fragmented populations adds to the body of research on the many overexploited and highly fragmented timber tree species within this family. The Dipterocarpaceae provide an interesting family in the context of forest fragmentation genetics as they exhibit traits that are likely to make them especially vulnerable to negative genetic factors. First, strong fine-scale spatial genetic structure appears to be common in this family of trees (Kettle et al. 2011a; Harata et al. 2012) . Second, if pollen mediated gene flow is restricted in fragmented habitats this may lead to increase mating among related individuals (Ismail et al. 2012) . Third, limited seed dispersal potential coupled with highly recalcitrant seeds means propagules are highly unlikely to reach new sites for colonisation and forest regeneration. Management of germplasm for enrichment planting or restoration through artificial seeding or planting of dipterocarps is thus of great relevance. Finally, very little is known about the implications of fragmentation for reproduction in the dipterocarps as most published work has been conducted in continuous forest habitats .
Methods

Study area and study species
The study site is located in the Western Ghats biodiversity hotspot within Kodagu district, South India (Fig. 1) . Within this district we focus on three separate forest patches that contain V. indica. These patches are surrounded by an agricultural matrix consisting of shade coffee plantations and paddy and lie within the transition of wet evergreen forest to dry deciduous forest. Two small patches of 1.3 and 0.1 ha are separated by 320 m where we located 85 adult trees in total (68 trees in the larger patch, 14 trees in the smaller patch and three singleton trees in the surrounding coffee plantations). These two patches were considered as one site for analysis and the canopy is dominated by the focal species with 61 V. indica trees per ha. A third forest patch is located 2.3 km west of the two small patches and represents the nearest adjacent V. indica forest trees. This third forest is restricted to a river-bank bordered by shade coffee plantations. Here we sampled over an area of 20 ha 155 adult trees along a 2.4 km stretch of river running from north to south. We considered the trees within this site as part of a single more continuous population extending along the river further towards the south but not to the north. Based on a minimum convex polygon around all the sampled trees the entire study area covered in total 492 ha.
Vateria indica is endemic to the Western Ghats and an integral species of the most western lowland dipterocarp forests dominated by V. indica and Dipterocarpus indicus (Pascal and Pelissier 1996) . V. indica is listed as critically endangered on the 2013 IUCN Red List based on its overexploitation for its timber and its habitat loss of more than 80 % (Ashton 1998 ). This species is considered suitable for restoration of degraded wet evergreen rain forests due to its high survival and fast growth (Rai 1990) . V. indica is almost strictly biannually flowering with white fragrant flowers with c. 18 mm calyx width. The genus Vateria is known to be principally bee pollinated (Ashton 1988) . Indeed, Apis dorsata and less frequently Apis cerana are frequently observed foraging on the flowers (Ismail pers. obs. 2009 ). The wingless and typically one seeded fruit ripen during peak monsoon in July and August (Murali 1997) . The fruit weighs around 12.5 g (Murali 1997 ) and is expected to drop near the mother tree as there is no dispersal agent known. Because the fruits float, the species has the potential for long distance seed dispersal by water, but no studies have been conducted to explore seed viability after submergence in water.
Sample collection
For all our sample collections we defined adult trees by their diameter at breast height (DBH) of more than 10 cm. This threshold was chosen because we observed at this stage orthotropic branching, which indicates the transition to a mature flowering tree (Durand 1997) . Wildlings were defined by their maximum height of 50 cm.
In the small isolated patches we mapped all the adult trees to an accuracy of 5 m with a Garmin 60CSx handheld GPS. We collected leaf or cambium tissue from all 85 adult trees. Progeny samples were collected from the small isolated patches in the 2009 fruiting season. For this, 30 adult trees were randomly selected and 20 fresh fruits collected from the ground within 10 metres of each of these putative mothers. Half of the fruits collected were stored in silica gel for genetic analysis and half were used for the nursery experiment. This resulted in 300 fruit samples dissected within 1 day to obtain pure embryo tissue and 310 fruit samples (including ten fruits collected under one additional tree) planted within 2 days. These were planted into two litre polyethylene bags filled with a mixture of one part local red soil, two parts cow dung and two parts river sand and kept under a 50 % shade cloth. Of the 310 fruits initially planted, 228 germinated (of which 40 were lost due to ants which nested in the seed as soon as the seed coat split) and 202 survived for 21 months. We collected leaf tissue from the surviving seedlings. To prevent local effects, such as daylight orientation and neighbour competition, the seedlings were rotated monthly within the shade house. To reduce mortality due to a caterpillar infestation we applied a single dose of insecticide uniformly across the plants. Seedling growth was measured monthly from soil surface to top of the apical meristem with an accuracy of 0.5 cm.
In May 2012 we mapped and sampled leaf tissue of 120 wildlings. Five wildlings were sampled for leaf material each within 10 m of the trunk of 24 randomly selected trees in the isolated population. To maximise the probability of sampling wildlings from the 2009 fruiting event, and not the 2011 fruiting event we only sampled wildlings if their seed coat was completely absent.
In April 2010 we sampled and mapped 155 adult trees growing along 2.4 km of a river running from north to south and forming a continuous patch of forest. Within the first 1.6 km of the river we exhaustively sampled all adult V. indica trees. For the next 0.8 km the abundance of trees was too great to sample all, therefore we sampled at 200 metre intervals up to 20 individuals within a 50-m radius (see Fig. 1 ). All trees were sampled for cambium or leaf tissue. For the wildling sampling we collected leaf tissue from a maximum of 20 individuals within a 10-m radius of each of six selected putative mother trees. The sampling sites for wildlings were evenly distributed along the river population with a distances between putative parent trees ranging from 250 to 500 m from north to south.
Genotyping
All tissue samples except the nursery samples were lyophilised with silica gel for storage prior to DNA extraction. The nursery samples were frozen at -20°C before processing. Genomic DNA was extracted from the tissue samples with a CTAB-method (Sambrook et al. 1989) in the conservation genetic laboratory at the Ashoka Trust for Ecology and the Environment (ATREE). Subsequent genotyping was conducted using 12 nuclear microsatellite markers (Vi93, Vi15, Vi16, Vi55, Vi45, Vi13, Vi60, Vi91, Vi18, Vi78, Vat14 and Vat10) shown to be suitable for population genetic studies of V. indica (Ismail et al. 2013 ). The microsatellite loci were amplified following the PCR conditions described in Ismail et al. (2013) . The amplified fragments were analysed in an ABI3730 capillary sequencer and scored relative to a LIZ 500 HD size standard in GeneMapper 3.5 (Applied Biosystems). All DNA samples from adult trees were successfully genotyped at eight or more loci. Of the DNA samples from wildlings between 98 and 99 % amplified at eight or more loci. Because DNA extraction from the seed did not yield the same DNA quality as the leaf samples, only 84 % (259 samples of the 310) of the seed DNA samples amplified at eight or more loci (See Table 1 for the overview of samples genotyped successfully at eight or more loci).
Genetic analysis
Levels of genetic diversity, inbreeding and differentiation
Deviations from Hardy-Weinberg equlibrium (HWE) and frequency of null alleles at each locus, were calculated in CERVUS 3.0.3 (Marshall et al. 1998 ) separately for the adult samples from the continuous population and the isolated population. For the adult populations, the wildling samples, the seed and the nursery samples we calculated the mean number of alleles (N a ), the observed heterozygosity (H o ) and the expected heterozygosity (H e ) with GeneAlEx 6.5b3 (Peakall and Smouse 2006 ). Additionally we estimated the inbreeding coefficient (F is ), the allelic richness (R s ) and the pairwise levels of differentiation (F st ) with FSTAT 2.9.3.2 (Goudet 1995) using 1,000 permutations.
Estimating gene flow patterns
To directly estimate realized gene flow we applied the delta maximum-likelihood exclusion analysis to assign the two most likely parents to the juvenile samples with CERVUS 3.0 (Marshall et al. 1998; Kalinowski et al. 2007 ). The combined non-exclusion probability for a parent pair of our marker set was 5.3 9 10 -7 . Simulations of parentage were based on the allele frequencies from all the 240 adult trees from both populations that served as candidate parents. We simulated 10,000 offspring with the following parameters: the minimum number of typed loci was set at six, the error rate of mistyped loci was set at 1 % with 99.3 % of the loci genotyped and allowing for selfing. The parameter settings of the parentage simulations differed between the wildlings of the continuous population and the offspring samples from the isolated population only by the number of sampled candidate parents, which was set as 80 and 95 % respectively. The confidence level for the assignment of the two most likely parents was set at 85 %. Special attention was given to assignments where both putative parents were beyond 100 m from the wildling location. Because candidate parents at larger distances have higher chance of being false positives (Chybicki and Burczyk 2010) and because the probability of erroneous assignments increases with long-distance seed dispersal, we considered those events only if they were assigned to two parents at the minimum 90 % significance threshold.
Pollen dispersal was calculated for each offspring sample as the distance between the two most likely parents. Because the seeds are primarily dispersed by gravity we assume that pollen dispersal always exceeds seed dispersal (except in the case of selfing). Thus the seed dispersal distance was calculated as the distance between the wildling and the nearer parental tree following Finger et al. (2011) .
To investigate if historic levels of gene flow differ between the two populations and to investigate temporal changes in gene flow, we additionally estimated levels of historic gene dispersal distances (r) of the two adult populations based on FSGS. These estimates were computed with SPAGeDi 1.3a (Hardy and Vekemans 2002) based on 10,000 permutations of locations and genes. Estimates of r are sensitive to the effective density of the population. Effective density can be estimated by multiplying the census density by the ratio of effective population size to the census population size (Hardy and Vekemans 2002) . Demographic studies demonstrated that effective population sizes in plant populations range approximately from half to a tenth of the census population (Frankham 1995) . Based on natural densities (D N ) of adult V. indica trees we thus estimated a range of r based on D N / 2 and D N /10 as estimates of effective population densities. Because the census densities of the studied populations are unlikely to represent their historic densities we estimated D N as 104 V. indica trees (DBH [ 10 cm) per ha based on a former study in a 28 ha permanent plot located in pristine unlogged forest within Kodagu district (Pascal and Pelissier 1996) .
Patterns of FSGS
To evaluate the levels of FSGS we investigated the correlation of pairwise relatedness (r) and the kinship coefficient (F) (Loiselle et al. 1995) over the pairwise spatial distance of the samples with GenAlEx (Peakall and Smouse 2006) and SPAGeDi 1.3a (Hardy and Vekemans 2002) . The levels of FSGS were computed separately for the adults of both populations and the wildlings of the isolated population. We defined six distance classes for the pairwise comparisons of kinship up to 640 metres (end point of each distance class was 10, 20, 40, 80, 160 and 640 m). The distance classes were chosen to ensure in all three cohorts sufficient pairwise distances (with a minimal number of 58 pairs in the shortest distance class of the adults from the isolated population). The wildlings from the continuous population had to be excluded because of insufficient numbers of pairwise distances between 20 and 160 m. For comparing the intensity of FSGS between the two adult cohorts and the wildlings we calculated the Spstatistic (Vekemans and Hardy 2004) , defined as Sp = -b F /(1-F (1) ), where b F is the mean regression slope of the kinship coefficient over the natural logarithm (ln) of the distance and F (1) is the mean kinship of the sample pairs within the first distance class (0-10 m). To test if relatedness at the different distance classes differs significantly, we computed the squared paired-sample t test statistic (t 2 ) described as single class heterogeneity test in (Smouse et al. 2008 ) and implemented in the program GenAlEx 6.5b3 (Peakall and Smouse 2006) . Significance of p values of the heterogeneity test was only considered when p \ 0.01 as recommended in Banks and Peakall (2012) . We compared the intensity (b F and SP) of the observed FSGS with four other dipterocarp species. For these comparisons we reanalysed the data published in (Kettle et al. 2011a ) and Finger (Finger et al. 2012) using 20, 40, 80, 160 , and 1,280 m as the end points of distance classes, combined with the data from this study.
Effects of inbreeding on seedling performance
Based on the parentage analysis of the nursery raised seedlings (described above), we calculated the individual kinship coefficient (Loiselle et al. 1995) of the two most likely parents as a measure of inbreeding in SPAGeDi 1.3a (Hardy and Vekemans 2002) . To investigate the effect of inbreeding on growth performance we split up the nursery raised seedlings into outbred and selfed progeny. The outbred seedlings were further split into two groups at the median of their kinship coefficients to investigate the effect of mating between more related individuals. Differences in size variation after 21 months of growth among the three groups of seedlings were tested with an ANOVA. To investigate for significant differences among the mean sizes of the three groups of samples we applied a post hoc Tukey HSD test implemented in R 1.13.1 (R Development Core Team 2011).
Results
Genetic diversity, inbreeding and differentiation
At the 12 loci analysed across all samples between five and 15 alleles were detected with 117 alleles in total. When estimating the deviations from HWE and null allele frequencies across the 12 microsatellite loci based on the adult samples from the continuous site only, we detected no evidence for any deviations from HWE and low frequencies of null alleles (with 0.08 in locus Vi45 having the highest estimate). The same analysis applied to the small isolated population revealed homozygous excess at four loci (Vat 14, Vi18, Vat 14 and Vi18). Because we can rule out differences in the processing of the samples we interpret these findings as genuine deviations from HWE. Genetic diversity measured as number of effective alleles, expected heterozygosity and allelic richness within the large continuous site and within the small isolated site remained at similar levels when comparing adults and wildlings. In this population the seed samples and the nursery raised seedlings showed a slightly reduced allelic richness compared to adults. When comparing genetic diversity between the two sites, the isolated site had significantly lower genetic diversity across all life stages (Table 1) .
The inbreeding coefficients (F is ) of adults and wildlings from the isolated site and the wildlings from the continuous site did not differ significantly from zero. The F is value of the adult cohort from the river population differed marginally from zero. When comparing the inbreeding coefficients (F is ) of adults and wildlings within sites they did not differ. The F is values of the nursery raised seedlings and the seed samples from the isolated population were significantly higher than zero and significantly higher than the F is values of the wildlings within the same site (Table 1) .
The pairwise comparisons of F st among the sites and cohorts showed that only the adults and their wildlings from the isolated site as well as the seed and nursery samples did not differ significantly from each other. All the other pairwise F st values differed significantly at the 5 % level, which was 0.3 % after applying a standard Bonferroni correction ( Table 2 ).
Patterns of gene flow
Contemporary pollen dispersal in the isolated population
In the isolated site we applied parentage analysis to estimate pollen dispersal distances in the wildlings, seed and nursery-raised seedlings (Fig. 2) . We were able to assign 85 % (N = 99) of the wildling samples to the two most likely parent pairs at the 85 % confidence level, with 83 % (N = 82) of the pollination events being within 100 m. Only four per cent (N = 4) of wildlings were from selfing events. We detected three long-distance pollen dispersal events between 3 and 3.4 km from the neighbouring continuous site. The average pollen dispersal distance in the wildlings was 167 m (median = 39 m). In the seed samples the assignment rate was 69 % (N = 180) of which 86 % (N = 154) were pollen dispersal events within 100 m. The selfing rate was 28 % (N = 51). Five seed samples were assigned to putative fathers from the continuous site at distances between 2.3 and 3.3 km from the maternal tree. Over all assigned seed samples the average pollen dispersal distance was 139 m (median = 22 m).
The parentage analysis of the nursery seedlings assigned 67 % (N = 133) of the samples to the two most likely parents. Eighty-seven per cent (N = 116) of the assigned nursery samples were derived from pollination events within 100 m and 29 % (N = 38) were selfing events. Four nursery seedlings were assigned to fathers from the neighbouring continuous site with distances between 2.4 and 3.2 km. In the nursery seedlings the average pollen dispersal distance was 138 m (median = 21 m).
Based on the assumption that all unassigned seeds were from outcrossing, we estimated a minimum selfing rate as 3 % in the wildlings, 20 % in the seed and 19 % in the nursery samples.
Contemporary pollen dispersal in the continuous site
We could assign 41 % (N = 49) of the wildlings at the 85 % confidence level. Twenty-two of the assigned wildlings were due to selfing of which 21 were collected under two mother trees isolated from the next conspecifics by 60 and 70 m. This equates to a 45 % selfing rate of the assigned samples. Assuming that we had assigned all of the selfed progeny within our sample we estimated the minimum selfing rate within our samples to be at least 18 % (22 out of 119 samples). The average pollen dispersal distance was 158 m (median = 17 m) with a maximum of 2,167 m with no pollen inflow from the isolated site.
Patterns of seed dispersal in the isolated and the continuous sites
Seed dispersal was almost the same in all four sampling schemes with seed dispersal distances ranging from 14 to 19 m (median 5-8 m). Between 87 % (156 seed samples) and 96 % (128 nursery samples) of the seeds were dispersed within 40 m.
Indirect estimates of historic gene flow
The indirect estimate of gene dispersal distances (r) computed with SPAGeDi 1.3a (Vekemans and Hardy 2004 ) ranged from 23 m and increased with decreasing effective density up to 59 m. When comparing double standard error ranges, the gene dispersal estimates did not differ significantly between the isolated and continuous adult populations (Table 3) . Patterns of fine scale spatial genetic structure
The intensity of the FSGS quantified by the Sp-statistic showed no significant difference when comparing the adults from the continuous site with the adults or the wildlings from the isolated site (Table 4) . Despite the similar intensity of FSGS the kinship of the adults and wildlings from the isolated site were significantly different from zero only up to 40 m whereas the kinship coefficient of the adults from the continuous site was significantly different from zero up to 160 m (Fig. 3) . Indeed, the single class heterogeneity test indicated that the adults from the continuous site had a significantly higher relatedness at the 40, 80 and 160 m distance class (p \ 0.01).
The re-calculation of the FSGS based on different distance intervals revealed that the adult V. indica populations had a consistently more intense FSGS than the three dipterocarps from single large continuous forests investigated by Kettle et al. (2011a) in Borneo. Contrastingly, the extremely rare and fragmented species endemic to Seychelles, Vateriopsis sechellarum had a much more intense FSGS than observed in V. indica (Table 5) .
Performance of nursery raised seedlings
Of the 202 nursery raised seedlings, 199 were successfully genotyped. Based on the parentage analysis we first split the 133 assigned nursery seedlings into selfed (N = 38) and outbred individuals (N = 95) to investigate if performance differed. The kinship coefficients of the parent pairs (Loiselle et al. 1995) of the non-selfed progeny were normally distributed around the mean (0.120) with all except four observations lying within the 95 % confidence interval. To investigate the effect of bi-parental inbreeding and to achieve more even sample sizes we split the non-selfed progeny according to the median kinship coefficient of the parent pairs (0.95) which was slightly lower than the mean. This resulted in the outbred nursery seedlings in a group of 48 individuals with a low kinship of parent pairs (\0.1) and 47 individuals with a high kinship of parent pairs ([0.1, of which one individual without size measurement had to be excluded from the analysis). As indicated by the ANOVA there was significant variation (F 2,129 = 6.85, p = 0.0015) in size among the three groups. The mean height after 21 months of growth in the selfed individuals was 31 cm, which in a Tukey HSD test differed significantly from the average size (44 cm) of outbred individuals with a low kinship of parent pairs (p = 0.001) and from the average size (40 cm) of outbred individuals with a high kinship of parent pairs (p = 0.03). The two groups of outbred nursery seedlings did not differ significantly (p = 0.56; Fig. 4 ).
Discussion
To sustain high levels of biodiversity in complex agro-forest landscapes, constituent tree species and their underlying FGR must be maintained. Our study indicates that in a highly fragmented human modified landscape FGR of an important endemic timber species are well conserved. Our investigation of contemporary gene flow suggests that although the two small isolated patches are genetically insular, they are connected to each other and sufficiently large to prevent genetic erosion. Interestingly, the parentage analysis indicates relatively frequent selfing in V. indica. Selfed progeny exhibit poorer performances under nursery conditions, and selection favours outbred progeny under natural conditions. Below we discuss the processes which might help retain genetic diversity within populations of dipterocarp tree species in human dominated landscapes and provide some recommendations for the conservation of FGR in the context of restoration. The comparison of FSGS and pollen flow with four other dipterocarp species provide insights into the potential genetic susceptibility of dipterocarp species to fragmentation more generally.
Do small isolated forest patches retain comparable levels of genetic diversity to a larger more continuous forest?
Our study demonstrates no loss of genetic diversity from the adult to the wildling stage in the small isolated or the larger more continuous forest. This suggests that a sufficient number of adult trees are contributing genes to the current juvenile cohort. Indeed, 86 % of the trees in the isolated patches were parents of the progeny samples. This is in contrast to other empirical studies comparing adults and wildlings of fragmented tree populations that show lower genetic diversity in the juveniles (e.g. Kettle et al. 2007; Sebbenn et al. 2011; Finger et al. 2012) . Within the isolated patches we detected significantly lower genetic diversity than in the larger patch. This could be due to an initial sampling effect associated with fragmentation which retained fewer alleles than in the pre-fragmented forest (discussed below).
Do patterns of gene flow and genetic structure differ across life stages and between continuous and isolated patches?
Contemporary pollen dispersal in small isolated patches
Comparing the pollen dispersal pattern of the wildlings with the seed samples and the nursery reared progeny demonstrated that pollen was dispersed predominantly within 100 m (Fig. 2) . Interestingly, only a tiny proportion Table 5 Comparison of the slope of kinship over the natural logarithm of the distance (b Ld ),the intensity of the FSGS (Sp), mean pollen dispersal distance (d p ) of assigned embryos or on seedlings for Vateriopsis sechellarum and mean number of alleles (N A ) across adult trees from a small isolated population (SIP) and from a large continuous population (LCP) of Vateria indica with four other dipterocarp species (data on Vateriopsis sechellarum is from (Finger et al. 2012 ) and the other three dipterocarp species from (Kettle et al. 2011a of the wildlings, seed and the nursery reared progeny (2-3 %) were sired by trees from the large continuous population as pollen in-flow. However, even these rare long distance pollen dispersal events could be sufficient to maintain the genetic diversity in isolated populations (Ellstrand 1992; White et al. 2002) . Also, we cannot exclude the possibility that some of the unassigned samples might have been the result of long-distance pollen dispersal events.
The main difference between the pollen dispersal estimates for the three offspring groups was the considerably lower minimum selfing rate in the wildlings (3 %) compared to the minimum selfing rate estimated for the seed samples (20 %) and the nursery samples (19 %). This elevated selfing caused an excess of homozygotes, which was reflected in the higher inbreeding coefficients (F is ) and the significant different F st -values in the seed and nursery seedlings compared to the adults and the wildlings of the isolated population (Tables 1, 2) . Because the seed, wildlings and nursery reared seedlings collected from the isolated population were all progeny from the same flowering season, we assume that the actual selfing rate was the same for all. Therefore the lower selfing rate detected in the wildlings was due to higher mortality in selfed seed compared to outbred seed, which indicates postzygotic selection against selfing. Interestingly, Ghazoul and Satake (2009) proposed that selfed seeds of dipterocarps may dilute the impact of seed predators by acting as a seed predator sink, thereby increasing the survival of outcrossed seeds. In our case a similar but delayed process might act at the seedling stage.
Contemporary pollen dispersal in the large continuous forest
We detected occasional realised long-distance pollen dispersal events in the wildlings from the continuous forest, confirming that gene flow can effectively occur at landscape scales in this species. Of the three events beyond 500 m two were beyond 2 km, but we did not detect a single father from the isolated population. Rare long distance pollen dispersal beyond 500 m is consistent with previously published pollen dispersal estimates made for Dipterocarpus tempehes in a continuous forest. D. tempehes is commonly pollinated by the giant honey bee A. dorsata (Kenta et al. 2004) . Indeed, 5 % of the foraging distances of A. dorsata have been recorded beyond 2.5 km with maximum flying distances between 13.2 and 21.8 km (Dyer and Seeley 1991) .
It is noteworthy that we detected a relatively high selfing rate with 22 of the 49 assigned wildlings being selfed. Twenty-one of these 22 selfing events were from wildlings collected below two isolated trees (isolated by 60 and 70 m from conspecifics). Increased selfing in a predominantly outcrossing plant species might be a strategy to assure reproduction when mating partners are lacking (Eckert et al. 2010) , which might reflect asynchrony among flowering conspecifics. We refrained from comparing selfing rates in wildings among the continuous and isolated patch because these were sampled in different years and therefore might have experienced different mortality rates.
Patterns of seed dispersal in the isolated and the continuous population
Estimates of seed dispersal were comparable across all the progeny samples from the isolated and continuous forest, with average seed dispersal not exceeding 19 m. This is consistent with the idea that seed dispersal is predominantly by gravity. It was surprising that between 4 and 13 % of the seed were dispersed beyond 40 m indicating occasional longer distance seed dispersal. It is possible that there is secondary dispersal by rodents. We have occasionally observed teeth marks on seed coats (Ismail pers. obs. 2009 (Ismail pers. obs. , 2011 , hinting at rodent seed predation. Secondary seed dispersal by forest rats has been reported in another dipterocarp species (Wells and Bagchi 2005) , but is generally thought to be rare.
Indirect estimates of historic gene flow
Because the Sp-statistic and the slope of the decline of kinship with the ln distance of the two adult populations were almost the same, we expected similar historic gene flow patterns. Indeed the indirect estimates of historic gene flow indicated that the two adult populations do not differ (Table 3) and that the isolated patches are more likely a remnant of more continuous forest and not a result of a recent founder event. If a founder event had occurred, a more intense kinship structure and greater differentiation would be a likely signal as shown in the extreme case of V. seychellarum (see Finger et al. 2012) but not in V. Indica.
Recommendations for the conservation and management of genetic resources in V. indica across agro-forest landscapes By comparing a continuous population with an isolated population of V. indica our study offers insights into how forest genetic resources of V.indica can be managed for restoration of degraded wet evergreen forest of the Western Ghats. Vateria indica has a great potential for restoration as it grows relatively rapidly and survives well in degraded forest (Rai 1990 ).
Our results demonstrate that selfed individuals are more likely to survive under benign nursery conditions than under the harsher natural conditions of the forest floor. Effective selection against selfed and inbred wildlings under natural forest conditions has been observed in other dipterocarp species (Lee et al. 2000; Naito et al. 2005) .
Early acting selection appears to be common in tree species (Petit and Hampe 2006) and might in many species be less effective when seedlings are grown in nurseries. Elevated inbreeding under nursery conditions has been reported in restoration of other rare tree species (Kettle et al. 2008) . Where viable, restoration efforts using direct seeding of V. indica over planting nursery reared seedlings, should help to ensure natural selection against maladapted individuals and avoid establishment of inbred populations. However, as many forest species cannot establish from seed under open conditions, nursery reared seedlings may still be an essential part of restoration programmes in highly degraded forest (Gunaratne et al. 2010) . In these cases selecting only the most vigorous progeny should help to reduce the proportion of inbred seedlings for restoration.
Our results suggest that to capture genetic diversity in seed or wildling collections for restoration, collections should cover several km. To minimise relatedness, sampling intervals should exceed 40 m. Ideally seed collection should ensure pairwise distances beyond 160 m, since we know from the FSGS that beyond this distance pairs of individuals are not more related than random. Similar strategies could be applied to most other dipterocarp species as they usually have limited seed dispersal and therefore often exhibit significant FSGS (Harata et al. 2012; Kettle et al. 2011a; Finger et al. 2012 ).
How does V. indica compare to other dipterocarp species?
The comparison of FSGS in V.indica with the three dipterocarp species from a continuous forest in Borneo, indicates that FSGS in V. indica is more intense. This difference is probably driven by the clumped distribution, the restricted habitat range and the very restricted seed dispersal of V. indica. As the three Bornean species cover a range of pollinator syndromes and pollen dispersal distances (Kettle et al. 2011b) , varying pollen dispersal distances seem less important in generating the more intense FSGS in V. indica. In context of dipterocarp pollination ecology, it is worth mentioning that S. xanthophylla is predominantly pollinated by tiny pollinators such as thrips (Kettle et al. 2011b) which are thought to be important pollinators for many of the species rich Shorea genus (Appanah 1990) . Interestingly, S. xanthophylla and and P. tomentella showed no evidence of selfing (Kettle et al. 2011b ). The comparison with V. seychellarum shows that the level of relatedness decreases faster with distance than in V. indica. As the seed and pollen dispersal distances are almost the same, this difference is presumably driven by a strong genetic bottleneck, much smaller population sizes and a much higher selfing rate (53 %) in V. seychellarum.
Generally, self-compatible tree species show more intense FSGS than outcrossing self-incompatible species (Vekemans and Hardy 2004) . Additionally, it was shown that fragmentation affects genetic diversity in outcrossing plant species more than in self-compatible species (Honnay and Jacquemyn 2007; Ng et al. 2009 ). We interpret the low levels of inbreeding in the wildlings of the isolated population as a result of efficient selection against maladapted individuals combined with sufficiently diverse pollen. Therefore V. indica as a self-compatible species with occasional long-distance pollen flow seems well buffered against the negative effects of increased biparental inbreeding caused by fragmentation.
It has been shown that spatial isolation can change matting patterns leading to increased selfing in many predominantly outcrossing plant species, and this acts as an important means of reproductive assurance in the absence of pollinators or mating partners (Eckert et al. 2010 ). Increased selfing rates in response to fragmentation in dipterocarp species have been shown to increase inbreeding in mature seed (Obayashi et al. 2002; Naito et al. 2008) as well as in wildlings (Fukue et al. 2007; Finger et al. 2012) . With the growing knowledge of FSGS, pollen and seed dispersal distances in dipterocarps, it can be inferred that self-incompatible dipterocarps with strong FSGS and limited pollen dispersal are likely to be especially vulnerable to fragmentation. Species with limited seed dispersal, naturally occurring at high local densities should be buffered against deleterious effects of inbreeding by selfcompatibility combined with effective selection against maladapted selfed individuals. The robustness of an isolated forest patch is largely determined by distance to the next population, pollen dispersal distance and local population size. Ideally studies should include multiple replicates of sites with varying population sizes and degree of isolation. However, this is not always a feasible option. Our study is an example of an important tropical tree species distributed across a complex landscape and provides insights into the essential processes that conserve forest genetic resources in this context. These results are especially useful given the paucity of knowledge on the genetic consequences of fragmentation for dipterocarp species across their range, despite their continued and rapid fragmentation.
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